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On the origin of cooperativity effects in the
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In this work we investigate the behaviour of molecules at the nanoscale using scanning tunnelling microscopy
in order to explore the origin of the cooperativity in the formation of self-assembled molecular networks
(SAMNs) at the liquid/solid interface. By studying concentration dependence of alkoxylated
dimethylbenzene, a molecular analogue to 5-alkoxylated isophthalic derivatives, but without hydrogen
bonding moieties, we show that the cooperativity effect can be experimentally evaluated even for low-
interacting systems and that the cooperativity in SAMN formation is its fundamental trait. We conclude that
cooperativity must be a local effect and use the nearest-neighbor Ising model to reproduce the coverage
vs. concentration curves. The Ising model offers a direct link between statistical thermodynamics and
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Introduction

Cooperativity is a fundamental concept that plays an important
role in many biological and physical processes, central to under-
standing molecular recognition and supramolecular self-
assembly.*™* Cooperativity arises from the collective behaviour of
a group of molecules or atoms interacting with one another. If the
interplay of interactions favours the binding of a subsequent
molecule, the process is positively cooperative. If further interac-
tions are disfavored, negative cooperativity results. In self-
assembly at the solution/solid interface, the building blocks
(molecules, monomers) from the solution phase can cooperatively
adsorb on the surface and interact with each other in order to
form a stable two-dimensional (2D) structure.”” This positive
cooperativity is another example of the important all-or-nothing™*
type of behaviour commonly observable in nature and can be
driven by various interactions such as chemical bonding, elec-
trostatic interactions, hydrogen bonding or van der Waals forces.
Other examples of such behaviour include protein folding, oxygen
binding to haemoglobin and DNA melting.>***

However, cooperative binding is not fully understood.* By
gaining a better understanding of the cooperative behaviour of
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experimental parameters, making it a valuable tool for assessing the thermodynamics of SAMN formation.

molecules and atoms, more effective strategies for self-assembly
can be developed and potentially unlock new avenues for the
creation of functional materials with tailored properties.’*™*

Cooperativity in the formation of supramolecular structures in
the solution phase has been extensively studied.**® In particular,
thermodynamic investigation of supramolecular polymerisation
has attracted great attention to understand the mechanisms
driving assembly in solution as well as to correlate molecular
structure and intermolecular interactions to properties of formed
aggregates. To that end, different thermodynamic models have
been developed including thermally activated equilibrium poly-
merization model and the mass-balance (MB) model.**** The MB
model introduces cooperativity through a parameter, ¢, and the
value of this parameter is used to distinguish between processes
of different cooperativity.

In the context of self-assembly at the solution/solid interface,
cooperativity in the formation of self-assembled molecular
networks (SAMN) has been qualitatively observed at the nano-
scale by scanning tunnelling microscopy (STM).>'® Despite its
early recognition, there have been few attempts to quantitatively
measure and understand the cooperativity effect due to the
experimental complexity and stochasticity inherent to the
systems under investigation. Notable progress has nevertheless
been made in recent years towards achieving a better under-
standing of cooperativity at the solution/solid interface and in
the following, we will briefly highlight some of the most valu-
able attempts.

In the work of Matsuda et al., cooperativity was integrated
into the development of the analytical thermodynamic model
and used to explain a sharp change in the concentration-
dependent surface coverage observed for different
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diarylethene self-assembled monolayers.*** The origin of this
model stems from the elaborate work and thermodynamic
models previously developed for the processes in solution.”®

More recently, the work of Hipps et al. has shown that there is
a small degree of cooperativity in the binding of small ligands
such as methoxypyridine, 1-phenylimidazole or 3-phenyl-
thiophene to a self-assembled network of cobalt(n) octaethyl-
porphyrin (CoOEP) at the 1-phenyloctane/HOPG interface,* ¢
While adsorption overall appears to follow a Langmuir isotherm,
which would suggest no cooperativity, comparing the fraction of
adjacent bound CoOEP molecules with the fraction that would be
obtained from a random distribution indicates that cooperativity
is present. Additionally, the same group has presented a compu-
tational study to determine position-dependent desorption ener-
gies for coronene on Au(111) and HOPG as substrates by utilizing
the nearest neighbour interaction energy model and showed that
it performs well for systems showing weak adsorbate-substrate
cooperativity.”” In our recent publication, a systematic study of
the concentration-dependent formation of SAMNSs at the hepta-
noic acid/HOPG interface using a model system of 5-alkoxylated
isophthalic acids (ISA) was presented.”® The formation of the
SAMN was shown to be highly cooperative, and the role of
graphitic terraces was emphasized as important in determining
surface structures, particularly in conditions leading to the
average partial surface coverage.

In parallel, mechanisms of molecular self-assembly on
surfaces have been also studied using a computational, coarse-
grained Monte Carlo approach.”*?* These theoretical investi-
gations examine the structural features of the 2D self-assembly
for different systems ranging from simpler model tripodal
molecules*** to more complex chiral systems, and co-assembly
in metal-organic networks.*® In parallel to quantifying ther-
modynamic factors, the development of computational
methods studying morphology of 2D systems is also of great
importance to establish predictive power over self-assembly at
the liquid/solid interface.

Thus, while the concept of cooperativity has been observed
as important in determining the type of network observed on
the surface®***” and evaluated for several examples,>">*262%38
a deeper quantitative understanding and thermodynamic
investigation of the effect of cooperativity in the formation of
SAMNS is still missing.

In the presented work, we focus on evaluating the coopera-
tive behaviour in SAMN formation and investigate its origin. To
that end, the cooperativity effect was studied with a combina-
tion of experimental and theoretical approaches. To quantita-
tively study the influence of hydrogen bonding on the overall
behaviour of SAMN formation, we synthesized a molecular
analogue of ISA that cannot form hydrogen bonds with its
neighbors and evaluated its concentration-dependent behav-
iour at the nanoscale using STM. Additionally, we have adapted
the problem of cooperativity and concentration-dependent
surface coverage onto a lattice system and have developed an
2D Ising-type model for the description of SAMN formation.
Using a Monte Carlo approach, we have simulated coverage vs.
concentration curves under different conditions and have fitted
the experimental results to the Ising-type model. This has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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allowed us to connect classical and statistical thermodynamics
and explain the experimental results in terms of molecular
behaviour using the nearest-neighbour model approach, thus
revealing the free energy contributions to the total free energy of
the SAMN formation arising from the molecule-molecule and
molecule-surface interactions.

Results
Scanning tunnelling microscopy

The cooperativity effect in the study of concentration-
dependent SAMN formation at the solid/liquid interface can
be evaluated through a correlation between the physical
chemistry of the self-assembly (the concentration-dependent
behaviour) and the molecular structure (the supramolecular
interactions).”®” Studying structurally similar molecules with
a slight variation in supramolecular architecture allows for
investigating the influence of molecular features on the SAMN
structure that can be observed by STM. Most often, the changes
are reflected in the structural parameters of the networks (unit-
cell parameters), type of the networks formed (porous vs. dense)
or in concentration-dependent surface coverage. This is a well-
known and quite often employed method, particularly for
studying the effect of the length of the alkyl chain on the on-
surface structure.?»?*39-43

As a principle this was also applied in the work presented
here to study the influence of hydrogen bonding on the overall
behaviour of SAMN formation. We prepared a structural
analogue 1-(octadecyloxy)-3,5-dimethylbenzene (DMBOC1S8,
Scheme 1) of previously studied derivatives of 5-alkoxy iso-
phthalic acids, ISAs (Scheme 1). DMBOC18 differs structurally
from ISAs in that the carboxylic acid functional groups of the
latter molecules are replaced by methyl groups, thus removing
the capacity to form intermolecular hydrogen bonds.

In this way, by performing a concentration-dependent
surface coverage study of DMBOC18, we aim to observe and
quantify the differences in molecular patterns observed for
DMBOC18 and ISAOC18 (1), the effect such a change of
molecular structure has on the critical concentration for the
SAMN formation (2) and note any differences in the coopera-
tivity effect (3). Finally, the main goal of this work is to provide
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Scheme 1 Molecular structures of the studied molecules.
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Fig. 1 High-resolution STM images of the linear polymorph for DMBOC18 (a)—(c). The unit cells of sub-assemblies are indicated in green and
blue. Imaging parameters: Vyos = —0.800 V, /s = 60-100 pA. (d) High-resolution STM images of the linear polymorph for ISAOC18 with the unit
cell indicated in magenta. Imaging parameters: Vyias = —0.800 V, /st = 80-100 pA.

experimental evidence concerning the origin of cooperativity in
the SAMNs formation.

Scanning tunnelling microscopy of DMBOC18

Changing the molecular structure from ISAOC18, bearing
carboxylic acid moieties, to DMBOC18, having methyl groups in
their place (Scheme 1), changes the scope of supramolecular
architecture and possibilities of the molecular organization
within the SAMN. It limits the chemical nature of interactions
available and places constraints on the range of intermolecular
arrangements between DMBOC18 molecules that are favour-
able enough to form a stable monolayer. Due to this, it is ex-
pected that the SAMN of DMBOC18 at the heptanoic acid/HOPG
interface forms, to an extent, a structurally different assembly.

The observed molecular ordering for DMBOC18 at the
nanoscale using STM is presented in Fig. 1. The assembly is
particularly interesting as it consists of alternating six- and four-
membered sub-assemblies (Fig. 1a) stabilized via interdigita-
tion of the alkyl chains (dark, striped features), which is the
dominant intermolecular interaction that holds the network
together. The inability to form hydrogen bonds has caused the
loss of formation of distinct lamellae due to loss of stronger
interactions of the head-groups in the growth of the monolayer,
observed by the offset in the aromatic headgroup interactions
between subassemblies (Fig. 1b). The columnar shift between
the six- and four-membered sub-assemblies shows that with
less directional head-group interactions, the van der Waals
interactions achieved through the interdigitation become
important for stabilizing the network through the extending
assembly.

Additionally, in the large-scale STM image, the extent of
periodicity for the SAMN of DMBOC18 appears to be low, as the
alternation of six- and four-membered assemblies occasionally

Table 1 Unit-cell parameters for the self-assembly of studied mole-
cules at the heptanoic acid/HOPG interface

Molecule a+SD(nm) b+SD(nm) vy =£SD(deg) p(nm?)
DMBOC18 1.04 £ 0.09 3.57 £ 0.09 89 +2 0.54 + 0.09
isaocts 0.95+0.03  3.6+0.1 84+2 0.58 + 0.03
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shows a discontinuity. Following the magenta line in Fig. 1c,
this alteration is occasionally disrupted by a repeat of two six-
membered assemblies and as an abrupt change within one
row from six-membered sub-assemblies to a four-membered
sub-assembly (green indicators, Fig. 1c). These observed
breaks in the larger scale STM images could be attributed to the
mismatch of periodicity between the molecular lattice and the
graphite lattice.

We note that a self-assembled network containing alternating
hexamers and tetramers was previously observed and studied for
a series of 1,3-dibromo-5-alkoxybenzene derivatives.** That study
concluded that when competing weak interactions are at play
(halogen bonding compared to packing density), the minor
effects (in that case, the small differences in molecule-substrate
interactions) can become structure-determining. In the absence
of strong, structure-directing interactions such as hydrogen
bonds, as observed in ISA systems, the same rationale seems to
hold for DMBOC18.

To ensure a fair thermodynamic comparison between
DMBOC18 and ISAOC18, we conducted a series of high-resolution
STM experiments to determine the structural details of the
formed networks, focusing on the unit-cell parameters. Fig. 1b
illustrates the unit-cell vectors for DMBOC18, and Table 1 pres-
ents the average magnitudes of the vectors. The determination of
the unit-cell parameters for DMBOC18 is a non-trivial issue due to
the quasi-periodicity of the assembly. However, since packing
density is the most important parameter relevant for a thermo-
dynamic comparison, we report several unit-cell parameters in
Table S1 of the ESL.t We separately determined unit-cell vectors
for a four- and six-membered sub-assembly based on the smallest
molecular repeat (distance between two bright features in an STM
image in x and y direction). The values are presented in Table S1,T
and the average of those is taken as an average unit-cell for the
assembly in Table 1.

The magnitude of vector a represents the head-to-head
distance between molecules in the close-packed network, and
excellent agreement is observed for both molecules (Table 1).
Additionally, the magnitude of vector b, which extends along
the direction of the alkyl chain in the assembly, depends on the
length of the alkyl chain within the molecular structure. Since
both molecules have equal chain lengths, the interrow distance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the lamellar structure remains the same. Furthermore, the
close similarity between the packing of the two molecules is
supported by the similar angle (y) between the vectors. There-
fore, based on the structural parameters obtained from high-
resolution STM images, we can conclude that the packing
density (p, Table 1) of the SAMN formed by ISAOC18 and
DMBOC18 is comparable.

Concentration-dependent STM study

A starting point of this study at the nanoscale level is evaluating
the effect of DMBOC18 solution concentration on the adsorp-
tion behaviour, focusing on the surface coverage using scan-
ning tunnelling microscopy. For this, a series of STM
experiments was conducted where the solution concentration of
the studied molecule was varied. The solution concentrations
studied ranged from 1.00 x 103 mol dm ™ to 8.09 x 10> mol
dm >, Initially, 40-50 pL of the solution was added to an STM
solution cell®®***** holding the HOPG substrate. With this
volume and the lowest concentrations of 1.00 x 10> mol dm 3,
the amount of DMBOC18 molecules in solution (>5 x 10~® mol)
is more than sufficient for allowing a complete surface coverage
(<3 x 107" mol) under these conditions.

Representative STM images for a concentration series for the
case of DMBOC18 are shown in Fig. 2. One image that corre-
sponds to the average value of surface coverage was chosen at
a given concentration from the complete data set that was ob-
tained in a statistical manner, as described in the methods
section (see ESIT).

For DMBOC18, no 2D ordering was observed (or at least
could not be detected by STM) when the concentration was less
than 1.42 x 107> mol dm *, while complete surface coverage
was never observed (Fig. 2). At concentrations higher than 8.09
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x 107 mol dm™? (Fig. 2), the surface coverage exceeds a value
of 80%, but increasing the concentration further with the aim of
achieving full coverage leads to a plateau in terms of coverage.
Full coverage is hence not observed, perhaps because of the
limited range of concentrations available given the solubility of
the compound in heptanoic acid. In the concentration range
from 1.42 x 10> to0 8.09 x 10> mol dm 3, the observed surface
coverage increases, but not rapidly. Additionally, the surface
coverage analysis of acquired STM images shows that surface
defects (graphitic terraces) have a prominent role in SAMN
formation. Specifically, graphitic terraces exist as areas where
molecular orderings are most likely to be stable enough to be
observed and stable throughout the STM measurement
(Fig. S2t). The role of the terraces appears to be creating patches
of reduced surface area, stabilizing smaller SAMN domains, and
therefore enabling their visualization by STM.

The concentration dependence of the surface coverage of
DMBOC18 studied at the heptanoic acid/HOPG interface is pre-
sented in Fig. 3 and shows a sigmoidal trend which is distinctive
for positive cooperativity.® The critical concentration for the
formation of self-assembled molecular networks on surfaces is
defined as the concentration at which the surface coverage is 0.5.
In the case of DMBOC18, the rough estimate of the value of this
threshold, as determined by a numerical derivation of the
experimental dataset, amounts to ¢y, = 2.50 x 10> mol dm32®

Moreover, the dataset of the concentration dependence of
the surface coverage of DMBOC18 was subjected to non-linear
regression analysis with different phenomenological thermo-
dynamic models. The models included the Langmuir, the Hill,
and the Matsuda model, as reported for the case of ISAs, and the
corresponding fits are presented as lines in Fig. 3.4*"*° The main
difference between the stated adsorption isotherms is the

Fig. 2 Representative large-scale STM images for the self-assembly of the DMBOCI18 at the heptanoic acid/HOPG interface, at room
temperature (22-23 °C), for different concentrations, as indicated in the panels (a)-(g). Imaging parameters: Vii;s = —0.800 V, /5o = 60-100 pA.

For the sake of clarity, empty areas are highlighted in purple.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Concentration dependence of the surface coverage of
a DMBOCI18 studied at the heptanoic acid/HOPG interface. W
Experimental data points, — the curves of best fit by the Langmuir
adsorption model (blue), cooperative Hill model (red) and the Matsuda
model (magenta). (b) Comparative analysis for the concentration
dependence of the surface coverage between DMBOC18 and
ISAOC18 studied at the heptanoic acid/HOPG interface at room
temperature. @, Bl Experimental data points, — curves of best fit by
the Hill model. Error bars represent standard error of the mean (SEM).

introduction of molecule-molecule interactions in the Hill and
Matsuda models as opposed to the Langmuir model which is
developed under the assumption of non-interacting mole-
cules.****” By the introduction of intermolecular interactions,
a new parameter is added to the models that accounts for these
interactions and is known as a cooperativity factor. For addi-
tional details of each of the models and their comparison, we
direct the reader to relevant literature.>**

In the case of DMBOC18, the effect of modification of solu-
tion concentration on the surface coverage is not very rapid.
Upon an increase in solution concentration, there is an increase
in the average value of surface coverage, but interestingly this
increase does not appear to follow the hyperbolic shape of the
saturation curve that the Langmuir model would predict. The
curve of best fit for the Langmuir model is plotted as a blue
dashed line in Fig. 3a, and as can be seen, there is a consider-
able discrepancy between the line of best fit and experimental
data points. On the other hand, both the Hill and the Matsuda
models account better for the experimental data points, which
is also reflected in the goodness of fit for each of the isotherms
(see ESIT). Of the two cooperative models, for DMBOC18 the Hill
isotherm gives the better fit and the values of estimated

6080 | Chem. Sci., 2024, 15, 6076-6087
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Table 2 Adsorption parameters as determined by Hill adsorption
isotherm for the SAMN formation of DMBOC18 and ISAOC18 at the
heptanoic acid/HOPG interface at room temperature

Molecule K+ SD (moldm™) 1n+SD AsumG® + SD (k] mol ™)
DMBOC18 (2.34 £ 0.03) x 10 7.0 + 0.5 ~15.02 £ 0.03
saociz (139 £0.02) x 107° 15 £2 —27.72 % 0.04

adsorption parameters from the regression analysis for
DMBOC18 and ISAOC18 are presented in Table 2. The value of
equilibrium constant K represents the solution concentration
that produces half saturation, and n is the Hill constant, an
empirical coefficient accounting for the mismatch to the
hyperbolic behaviour characteristic of adsorption with no
interactions. Additionally, it has been shown that for systems
showing positive cooperativity, the Hill coefficient sets the lower
limit for the number of interacting adsorption sites.**°
Although determined by data analysis methods with different
error margins, the values of parameter K ((2.34 £ 0.03) X
10 mol dm™3) from the Hill isotherm and the critical
concentration threshold c¢;;, (2.50 x 107> mol dm™?), which
both correspond to a solution concentration that produces half
coverage, are in very good agreement.

Discussion
DMBOC18 and ISAOC18 comparison

In this section, we will examine and contrast the structural
characteristics of the two molecules based on their assemblies
observed in STM, along with their concentration behaviour, in
an attempt to draw meaningful conclusions regarding the
cooperativity effect.

The SAMN structure for alkoxylated isophthalic acid deriva-
tives at the heptanoic acid/HOPG interface has been extensively
reported previously.?®*-***® It is characterized by the formation
of lamellar double rows, within which the aromatic ISA head-
groups (which show up as bright features in STM images)
arrange in a head-to-head orientation and the alkyl chains (dark
striped features in STM images) of the molecules in adjacent
lamellae interdigitate and lie flat along one of the major
symmetry axes of the graphite lattice. Together, this closed-
packed assembly is hence stabilised by van der Waals interac-
tions between the interdigitated alkyl chains and the four-fold
hydrogen bonding between the ISA head groups. In compar-
ison, instead of observing continuous double rows for
DMBOC18, which are prominent in the case of ISA derivatives,
the assembly is characterised by formation of smaller assem-
blies consisting of groups of four or six molecules, slightly offset
between each other. While for ISA, the hydrogen bonding
between molecular head-groups causes the growth of the
assembly in the long rows, for DMBOC18, no long-range
directionality is observed that would propagate the interaction
of the DMBOC18 headgroups throughout the network.

Additionally, the difference between the assemblies can also
be observed in size and the quality of the monolayer on a larger

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scale. For DMBOC18, the domains formed are not defect-free
and are generally smaller in size than the domains formed by
ISAOC18. Domains formed by DMBOC18 appear as less defined
and sharp and hence, as less crystalline due to the presence of
many domain edges, which also adds to the difficulty of visuali-
zation. In contrast to large domains and continuous double-rows
observed for ISAOC18, what is observed for DMBOC18 is the
formation of relatively stable, smaller, island-type domains
(Fig. S1 of the ESIf). Together, these observations can be attrib-
uted to the lack of directional interactions between the head-
groups of DMBOC18, which consequently allows for the easier
formation of domain edges and breaks within the domains.

The comparison between the concentration-dependent
surface coverage behaviour between ISAOC18 and DMBOC18
is presented in Fig. 3b using a logarithmic scale. In comparison
to ISAOC18, there are two main differences between the
systems. Firstly, the curve for DMBOC18 is shifted to much
larger values of solution concentrations due to a much higher
value of the critical concentration for SAMN formation. The
estimated value of this parameter increased roughly 150-fold,
from ¢y, = 1.60 x 10> mol dm ™ for ISAOC18 t0 ¢;,, = 2.50 X
103 mol dm ™ for DMBOC18. Using the values of the equilib-
rium constant K as determined by the Hill isotherm, the Gibbs
free energy of monolayer formation was calculated at 25 °C for
both molecules and is presented in Table 2. The difference in
free energy gain associated with the SAMN formation from
DMBOC18 to ISAOC18 amounts to approximately 12.7 k] mol .
Considering the differences in molecular structure, this shows
that exchanging a single methyl with a carboxylic acid group
brings additional stabilisation of about 6.35 kJ mol ™.

Evidently, the hydrogen bonding within the SAMN is an
extremely important factor in the stability of the SAMN. This is
a much stronger effect than the previously reported structural
modifications which showed that increasing the length of the
hydrophobic alkyl chain by a single methylene unit provides
additional free energy gain of 1.27 kJ mol '.2*?%% Since
assembling DMBOC18 molecules gain less in terms of stability
from the intermolecular interactions, and as the HOPG surface
is weakly interacting, the system requires a high chemical
potential to be able to form a thermodynamically stable
supramolecular network.

A second aspect of comparing the two systems is the way they
respond to a change in solution concentration. Our previous
study of concentration-dependent self-assembly of ISA deriva-
tives has shown extremely high positive cooperativity, as
observed from a sharp transition from an empty to a full surface
upon a small change in solution concentration. The overall
concentration-dependent study for DMBOC18 shows less
prominent steepness of the transition which contrasts with all
the ISA derivatives studied previously. Even though the effect of
modification of solution concentration on the surface coverage
in the case of DMBOC18 shows a much less steep transition, as
discussed previously, it is still better described using a cooper-
ative model (Hill or Matsuda model) than a non-cooperative
model (Langmuir).

This finding is significant because it highlights that coop-
erativity in SAMN formation is a fundamental trait of the self-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assembly process at the interface that does not really depend
on the molecular architecture. Therefore, as a fundamental
trait, the cooperativity effect must stem from local, nearest-
neighbour interactions and not necessarily from the chem-
istry of those interactions. The extent of the cooperativity effect
is modulated by the number and type of supramolecular
interactions achievable, which is evident from the value of the
critical concentration threshold. The stronger and more direc-
tional the interactions are, the network will be able to stabilise
at lower solution concentrations.

Theoretical evaluation

The thermodynamic models we have used in the study of SAMN
behaviour have so far been limited to phenomenological anal-
ysis of experimental results. Such analysis does not provide
a molecular understanding of the cause of cooperativity in our
experiments. We therefore developed an approach based on
statistical thermodynamics in order to provide a molecular
understanding of our experiments.

The Ising model is the prototypical description of collective
behaviour in terms of local interactions.*** The model was
originally formulated to describe ferromagnetism, but has since
been broadly used in the molecular sciences, for example, in
protein folding,*** and chiral selection at the vacuum/solid
interface®*” as well as in biology,*® economy and psychology.*

We can consider the classical Ising model, eqn (1), to be
a coarse-grained representation of our system to represent
a reasonable model for self-assembly and adsorption.*®>”*-¢2
Instead of considering spins and placing them onto a lattice,
the idea is to convert to a tiling problem where a rectangular 2D
lattice represents the surface that is filled with molecules and
characterised by isotropic nearest-neighbour interactions.
Upon adsorption of a molecule to a lattice position, its occu-
pation changes from ‘empty’ (O = 0) to ‘occupied’ (O = 1) and
vice versa upon desorption. The total energy of the system has
two contributions. The first term is the adsorption energy term
where u represents the free energy of binding of a monomer
from solution to a site with no neighbours. The second contri-
bution accounts for the free energy gain associated with
nearest-neighbour interactions, with (7, j) a sum limited only to
the nearest neighbours and shows that those interactions lower
the overall energy of the system (for J > 0).

E = ,LLZO,’ — JZO,‘()/

(i )

= <,u® +kBT1nC%>Zo,-fJZO,-0j (1)
i (i J)

u can be further expressed in terms of the standard chemical
potential change upon adsorption x® and the solution
concentration ¢ with ¢® representing the standard state. By
convention, the standard state for a solute in a hypothetical
ideal solution is at the concentration of ¢® = 1 mol dm>. In
this approach, the net magnetic moment that is evaluated for
the classical ferromagnetism problem maps onto the surface
coverage defined as a ratio of the number of occupied sites and
the total number of sites.
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Fig.4 Coverage vs. concentration curves obtained by Monte Carlo simulations of the 2D Ising model adopted for self-assembly on surfaces. 2D
Ising isotherms as a function of (a) chemical potential for the binding of free molecule to the surface (d = 10, T=298.15 K, J = 3.8 kJ mol™) (b) the
intermolecular interaction strength (d = 10, T = 298.15 K, u® = —25 kJ mol™). All the simulations were produced using the same number of

equilibration and production MC sweeps (Neq = 10 000, Nproq = 8000).

The approximation of an ideal solution is expected to be
valid for the systems studied within the scope of this work. This
expectation stems from the fact that the systems under
consideration are very dilute, with concentrations spanning
from 107® to 10™* mol dm™>. Furthermore, there is no
discernible experimental indication of solution-phase dimer-
ization or multimerization of the solute molecules occurring in
the solution, which would otherwise significantly influence the
concentration and cause occurrence of non-ideal behaviour.

2D Ising model for molecular self-assembly on surfaces

The fact that the total energy of the system explicitly depends on
the solution concentration is very important, as it allows a direct
connection and comparison between experimental variables and
the statistical model. The solution to the lattice gas problem in 2D
as defined by eqn (1) is a non-trivial issue and is commonly solved
by the Monte Carlo (MC) approach.*»*%¢ To that end, we
developed an MC code to simulate coverage vs. concentration
curves and to perform non-linear regression analysis of experi-
mental data. The MC algorithm comprises several steps, where
a 2D square lattice (dimensions d x d, under periodic boundary
conditions) is first generated and the occupation at each site is
assigned. Adsorption or desorption events are then considered
based on the occupation of the chosen site, followed by applica-
tion of the Metropolis algorithm®-*>%-% to determine whether the
event is accepted or not based on the value of the energy change
implied and the temperature. Note that the dependence of the
adsorption energy on the solution concentration removes the
numerical convergence issues near the critical point, and we
indeed find that the simulations converge well irrespective of the
initial coverage used when starting the simulation.

Fig. 4 illustrates coverage versus concentration curves simu-
lated with the MC code developed for the 2D Ising model
utilized in self-assembly on surfaces. Panels a and b of Fig. 4
demonstrate the effects of varying the previously described
parameters of the Ising model on the shape, curvature, and
location of the critical concentration threshold in each curve.
These simulations provide valuable insights into the interplay
between the different parameters of the Ising model and the
resulting self-assembly behaviour.

6082 | Chem. Sci, 2024, 15, 6076-6087

Modifying the standard chemical potential for the adsorption
of the molecule from the solution to the surface has a profound
effect on the coverage vs. concentration curves as seen from
Fig. 4a.

Upon increasing the standard chemical potential for
adsorption, u®, from —23 kJ mol™* to —27 kJ mol™* the curves
shift to the left, i.e. the transition from empty to full surface
happens at lower concentrations values, effectively shifting the
critical concentration threshold to lower concentrations. Thus,
the stronger the molecule-surface interactions (higher 1) the
lower the critical concentration value for a given molecule.
Consequently, increasing the molecule-surface interactions by
modifying the molecular structure is expected to cause the
SAMN formation at lower critical concentration.

The intermolecular interaction parameter J has a consider-
able effect on the coverage vs. concentration curve (Fig. 4b)
which is reflected in the curvature of the sigmoid. It is conve-
nient to express the value of J as a multiple of kg7, which
represents the thermal energy available at a given temperature
(approximately 2.5 k] mol " at room temperature). Values of J
greater than kg7 significantly affect the thermodynamics of the
studied processes.’®*”** Here, the higher the value of J the
steeper the sigmoid becomes and vice versa. In Fig. 4b this was
highlighted by changing the value of J between 3.4 and
4.2 k] mol " where all the simulated curves in that energy range
show sigmoidal behaviour but with a change in their steepness,
as additionally highlighted by the inset.

An additional curve (shown in cyan) was simulated to show
what happens when there are no intermolecular interactions (J
= 0). As can be seen from Fig. 4b the curve in this case changes
from a sigmoid to a hyperbola showing steady saturation with
the increase in concentration, corresponding to the behaviour
expected with a Langmuir isotherm. Therefore, the nonzero
value of / makes a phase transition possible and directly relates
the cooperativity of the process (steepness of the curve) to the
intermolecular interactions.

The experimental datasets obtained by the STM for the ISA
derivatives and DMBOC18 were subjected to a non-linear
regression fitting of u© and J using the 2D Ising code and are
presented in Fig. 5 (the code minimises the squared sum of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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residuals between the experimental and Ising model surface
coverages). In all cases, the grid size used involved 20 x 20 sites,
at a temperature of 298.15 K, with 12 000 equilibration Monte
Carlo sweeps at each concentration, and 8000 production
sweeps.

Our model assumes a homogeneous surface characterised by
identical adsorption sites. It is important to note here that, as
discussed in our previous work,*® the inhomogeneities in the
potential energy of the surface appear to play a role in the
thermodynamic analysis. At a certain ‘local’ scale, SAMN
formation can be considered to occur as a very sharp step
function in coverage vs. concentration curves, represented by
a (single) critical concentration. The overall smoother change in
coverage with concentration can then be attributed to contri-
butions from multiple different ‘local’ environments, each

Table 3 2D Ising parameters as determined by non-linear regression
analysis for the SAMN formation of DMBOC18 and three ISA derivatives
at the heptanoic acid/HOPG interface at 298.15 K (d = 20, Neg,initial =
5000, Neq = 15000, Npyroq = 8000)

Molecule J (k] mol ™) w® (k] mol™)

DMBOC18 2.61 —14.68
4.15 —22.70
4.27 —32.90

© 2024 The Author(s). Published by the Royal Society of Chemistry

corresponding to a graphitic terrace, with each of them having
a slightly different critical concentration. These slight changes
in affinity on different terraces would most likely be due to
interactions with step edges at the boundary of the terrace.
Partial coverage within such terraces has not been observed
experimentally. In the present modelling we neglect these
boundary molecule-edge interaction effects and instead treat
the shape of the sigmoidal surface coverage curve as resulting
entirely from molecule-molecule interaction as modelled by
a single intermolecular parameter J. Interpretation of the value
of J obtained therefore needs to take into account the fact that it
describes both molecule-molecule and molecule-edge effects.

The parameters of the data fitting for all molecules are pre-
sented in Table 3. As explained and reported previously, the
experimentally observed datasets show a difference in their
concentration dependence. Firstly, in the series of ISAs it was
observed that increasing the length of the alkyl chain from 14 to
22 shows a linear increase in the Gibbs free energy of the SAMN.
Upon analysing the datasets using the Ising model, this trend is
still present and is noticeable in the value of free energy of
binding of a molecule to the surface, w®.

Additionally, in this case, the free energy of adsorption (u®)
shows a linear dependence on the length of the alkyl chain
(Fig. S81) with an additional stabilisation of 1.28 k] mol " upon
adding a single methylene unit, which is in excellent agreement
with previously reported experimental studies.**** Thus, the
process of SAMN formation will to a large degree be determined

Chem. Sci., 2024, 15, 6076-6087 | 6083
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by the molecule-surface interactions as the strength of these
interactions shows to be most relevant for the experimental
conditions where the monolayer forms and is observable by
STM. Comparing the intermolecular interaction parameter J
amongst the ISA derivatives shows that in order to accurately
model the SAMN formation, the molecule-molecule interac-
tions need to be included in the model. However, the changes in
the interaction energy are relatively small within the series and,
due to the scattering of the experimental data, the nature of the
experiment, and the uncertainty mentioned above about the
relative role of molecule-molecule and molecule-edge effects,
should be treated as having a larger error margin.

From the Ising analysis of ISAs we can conclude that the
change in molecular structure significantly affects the free
energy of molecule-surface interactions, thereby influencing
the stability of the network. The cooperativity effect across the
ISA series varies slightly as reflected from the value of inter-
molecular interaction energy J, and for a series of these iso-
structural molecules, the increase in the alkyl chain length
makes the process of SAMN formation more cooperative. Even
though the differences in parameter J are not as obvious as for
u® it should be highlighted that for a single molecule, the free
energy of a molecule binding to the growing SAMN comes from
its binding free energy (1) and, in this primitive model, from
four possible nearest-neighbour interactions each of a strength
equal to the value of free energy of molecule-molecule inter-
action J (maximal stabilisation is equivalent to 4 J).

Comparing the Ising parameters for ISAOC18 to DMBOC18,
it can be observed that the values of both the intermolecular
interaction term and the free energy of monomer adsorption
decrease. In the isotropic view of the simplest 2D Ising model,
the supramolecular interactions that form are averaged out to
be equal in all four directions (each molecule has four nearest
neighbours). However, the differences in the values of J (Table 3)
still highlight that DMBOC18 has a lower gain in free energy due
to weaker interactions between the molecules, by about
1.1 k] mol " per neighbour in this averaged representation. As
observed experimentally, the removal of the hydrogen bonding
weakens the interactions of the aromatic headgroups, which is
also paralleled by a significant decrease in value of the param-
eter J, considering that the expectation values of J are of the
order of several k] mol ™.

Fitting the experimental STM datasets to the Ising model has
revealed a large difference in the value of the free energy of
monomer binding u®. The free energy difference is lower by
approximately 13.1 k] mol ™" in the formation of the DMBOC18
monolayer. The free energy of monomer binding u© is a free
energy “umbrella” term which encompasses the enthalpic and
entropic contributions for a process in which a free, solvated
molecule binds to the surface. This process must be accompa-
nied by an enthalpic gain due to favourable molecule-surface
interactions, and an unfavourable entropic contribution caused
by the loss of translational and rotational degrees of freedom.
Moreover, solvent effects can also play a role. For example, if the
solvent interacts more favourably with the free molecules than
with the growing monolayer, solvation effects will make SAMN
formation less favourable in enthalpic terms but more
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favourable in entropic terms. All these effects contribute to the
fitted values of u©. The molecule-substrate interactions that
are achievable by ISAOC18 and DMBOC18 are quite similar, as
both molecules have an aromatic core and a long alkyl chain,
and the carboxylic acid function is not expected to provide
a much stronger interaction with the HOPG substrate than
a methyl group. The intrinsic entropic term associated with
surface adsorption is also expected to be similar. The large
difference in u©, as observed from the non-linear fits to the
Ising model, is thereby likely to be due to solvation effects. The
solvent in both systems is heptanoic acid, a carboxylic acid that
can partake in hydrogen bonding with the ISA headgroups in
solution and on the surface. Experimentally it was not observed
that the solvent molecule co-adsorbs on the surface, but the
difference in solvation of the molecules could lead to increased
stability of the ISAOC18 monolayer. Investigation and quanti-
fication of solvent effects in the formation of SAMNS is crucial
for a complete evaluation of the thermodynamics of monolayer
formation, and therefore deserves to be further investigated.

Drawbacks of the 2D Ising model

Despite providing quite valuable and novel insights into the
different contributions to the free energy of the SAMN forma-
tion, the application of the Ising model based on the approach
presented here has some limitations.

Firstly, the model does not consider the chemistry of the
substrate. Thus, the effect of changing the substrate, for
example comparing Au(111) to HOPG, is expected to lead to
changes in both parameters of the Ising model, w® and J, but
does not allow predictions of how they change. As the lattice
used is rectangular, it also does not accurately portray the
hexagonal symmetry of the HOPG substrate that was used in the
experiments. If needed, this aspect of the monolayers could also
be treated with the present type of model, using six nearest
neighbours for each site. Another limitation caused by the
choice of the parameters of the model is that each adsorbing
molecule on the rectangular grid interacts in the same way with
each of its neighbours, i.e. the free energy increments are the
same for each of the four neighbouring sites. This provides
a mean value of the interaction energy and could be refined by
implementing a form of anisotropy (possibly with a hexagonal
grid), that could reflect the different supramolecular architec-
tures and functionalities within the molecular structure. Addi-
tionally, in this way the 2D Ising model could be applied to
a broader scope of systems, including studying systems that
show on-surface polymorphism.

Finally, the 2D Ising model works well for systems where the
solvent was shown not to co-adsorb and influence the network
formation. However, for more complicated systems the role of
the solvent should be evaluated thoroughly. Apart from co-
adsorbing, the solvent affects the solubility of the solute. In
this work, the solvent used was heptanoic acid. This is
a carboxylic acid and due to the possibility for hydrogen
bonding it better solubilises the ISA derivatives than DMBOC18.
The thermodynamics of solvation could play a very important
role in the SAMN formation and therefore it is important to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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further develop the theoretical models to account for the solvent
effect to improve the understanding of its role.

At this point, parameters of the developed Ising code are free
energy terms. Work is underway in expanding the model by the
introduction of entropic and enthalpic contributions to both
parameters. In this way, instead of limiting the evaluation to
overall free energy contributions from molecule-molecule
interaction term (J) and molecular adsorption (1©), one could
understand both factors through their separate enthalpic (/i
and u?) and entropic (/s and u$) contributions, as well as study
the temperature dependence of the system.

Conclusions

In this study, we present an experimental investigation of the
cooperativity effect in the formation of self-assembled mono-
layers at the liquid/solid interface. To achieve this, we con-
ducted a comparative analysis between previously reported
derivatives of isophthalic acid (ISA) and a modified molecular
analogue known as alkoxy dimethylbenzene (DMB), which
lacks hydrogen bonding architecture. The concentration
dependence was explored at the nanoscale using scanning
tunnelling microscopy (STM), and the resulting surface
coverage curve was analysed employing analytical thermody-
namic models, namely Langmuir, Hill, and Matsuda models.
The formation of the DMB monolayer exhibited a positive
cooperativity effect, although less pronounced than observed
with ISA. The Hill model provided the best description for this
phenomenon. Although the qualitative observation of positive
cooperativity in self-assembled monolayer formation has been
reported previously,”*® we demonstrate its experimental
quantification even for molecules with weak interactions,
highlighting cooperativity as an inherent characteristic of self-
assembled monolayer formation. Furthermore, our findings
indicate that the presence of additional supramolecular
moieties in the molecular structure strengthens intermolec-
ular interactions, leading to a decrease in the critical concen-
tration threshold.

The cooperativity effect is further investigated by incorpo-
rating nearest-neighbour interactions through the development
of a Monte Carlo lattice gas or Ising model, fitted so as to
accurately reproduce the coverage versus concentration curves.
While previous attempts have explored this approach to some
extent,>*%*% to the best of our knowledge, our study repre-
sents a novel use of the Ising model for data fitting and analysis
of cooperativity in terms of both molecule-surface and mole-
cule-molecule interactions. Moreover, we have successfully
established a direct correlation between statistical modelling
and experimental parameters, specifically concentration,
thereby providing a valuable tool for a wider audience to assess
the thermodynamics of the SAMN formation. Our findings,
derived from using the Ising model, reveal that both molecule-
surface and molecule-molecule interactions contribute to the
formation of a more stable monolayer. While the evaluation of
the molecule-molecule interaction term is relatively straight-
forward and can be linked to molecular structure, the assess-
ment of the molecule-surface interaction term is more

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intricate. Our next objective is to refine the Ising model to
disentangle the individual effects of this term.

This study represents a significant step forward and serves as
a benchmark for further developments. Future modifications of
the model could account for surface symmetry, molecular
anisotropy, and solvent effects, making it even more robust and
versatile. Additionally, these modifications would open the
possibilities for a temperature-dependent study and the
assessment of the delicate balance of enthalpy vs. entropy in the
SAMN formation.
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